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Abstract

With the high mobility of IGZO material in the amorphous phase, and the merits of low
process temperature and large area uniformity associated with the RF sputter, a-IGZO is
widely considered as one of the most promising materials for the manufacturing of flat-panel
displays. In this thesis, we have successfully fabricated a-IGZO TFTs by RF sputter. We
studied the effects of different deposition oxygen flow and the channel thickness on the
device performance. In addition, we have also fabricated a-IGZO TFTs with double active
layers for improving the electrical performance.

In order to explain the strange hump phenomenon in our studies, multi-frequency CV
measurements were used to extract the DOS. We also found that a vacuum annealing is useful
for eliminating the hump phenomenon.

For reliability issues, we have studied the effects of the surrounding ambient gas
molecules, and used vacuum annealing for improvements. The instability of positive bias
stress, negative bias stress, light stress, positive bias light stress and negative bias light stress

were also investigated.
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Chapter 1

Introduction

1.1General background of Metal-Oxide-Based Thin Film Transistors

Active-matrix liquid crystal displays (AMLCDs) and active-matrix organic
light-emitting diodes (AMOLEDs) are nowadays mainstream commodities in our daily life.
Typically, hydrogenated amorphous silicon (a-Si:H) thin-film transistors (TFT) are used as
the switching transistors in these applications [1-7]. But due to its low mobility (< 1 cm?*/Vs),
it can’t afford the requirement of the market for the high-performance displays [1-7].
Although the high mobility of low-temperature polycrystalline silicon (LTPS) may be a
resolution, non-uniformity in device performance caused by the size variation of grains
hinders the manufacturing of this technology in large-area displays [2-3][5]. Thus its
application is limited in the small-size commodities ‘such as mobile phones. From the
background mentioned above, semiconductors-of high carrier mobility and amorphous phase
are suitable for flat-panel display applications. If we want to manufacture the display on a
flexible substrate, low process temperature should also be considered. Also in recent years the
transparent display is another focus [1-6]. To satisfy the demand of high-performance, low
process temperature, and even transparency, transparent conducting oxide (TCO) technology
are most promising. A comparison of a-Si:H, poly-Si and amorphous oxide TFTs are shown
in Table 1.1 [8].

Though using TCO as the channel layer was reported forty years ago [1], almost as early
as the first cadmium sulfide (CdS) TFT reported by Weimer [1][9-10], it’s research activities
didn’t come into notice until 2000 and beyond, especially in 2003 when Holffman

demonstrated ZnO TFTs with a good performance and visible potential for replacing



traditional a-Si:H TFTs [1][11].

These researches on TCO TFTs can be divided into three categories which are 1GZO,
Zn0O, and other metal oxide semiconductor including In,O3;, SnO, ZTO, ITO, 1ZO, 1GO and
so on. These materials are often with a wide band gap (>3 eV) that allows it to be
transparency and with the mobility (3-50 cm?/Vs) higher than the a-Si:H even in the
amorphous phase, making it a candidate to replace a-Si:H and LTPS [1-6].

The reason that TCOs have the higher mobility than a-Si:H could be attributed to the
properties of the electronic orbitals of valence electrons, as explained by Nomura af al. in
2004 [12]. The sp’ orbitals of the covalent semiconductors are with high directionality.
Although carriers have high mobility in crystalline covalent semiconductors, the amorphous
phase would alter the bond angle and significantly change the electronic levels, leading to the
generation of tail-states which devastate themobility. On the other hand, the amorphous oxide
semiconductors (AOS) commonly consist of heavy post-transition-metal cations with an
electronic configuration of (n-1)d'%ns’, (n=4 and is the principle quantum number) which the
spherical s-orbitals can directly overlap with the-neighboring ns orbitals (Fig. 1.1 (a) (b)) [12].
Since the overlap is insensitive to the distortion of the chemical bonds, the amorphous phase
of the AOS could exhibit a mobility comparable to that in the crystalline phase [1-6][12].

ZnO is one of the most widely studied AOS materials due to its electrical performance
good enough to satisfy the application requirements mentioned above. However, it forms
polycrystalline phase even when deposited at room temperature and the existence of grain
boundaries tends to deteriorate the electrical performance, uniformity, and stability of the
fabricated devices. In view of this, Indium-Gallium-Zinc-Oxide (IGZO) was proposed to
serve as the active layer of TFTs [1].

IGZO is a multicomponent oxide material, and the different coordinate numbers of these

atoms allow IGZO to have amorphous phase. Because of the spherical valence orbital, IGZO



still remain mobility over 10 cm?/Vs in the amorphous phase. Also the high on/off ratio (over
10°), suitable carrier concentration (<10 c¢cm™), low process temperature (near room
temperature) and transparency make 1GZO a feasible material for mass production. Indium,
gallium, zinc and oxide plays different roles in IGZO TFTs. Indium influences the mobility
very much, since it is one of the major composition of the conduction band minimum. In
content is expected to enhance the mobility and elevate the on current since the incorporation
of In will broad spread conduction band minimum. However the accompanied
non-controllable channel conductivity as In incorporation is too high would cause low Ioy/ofr
due to the dramatic rise in off current. Gallium content can suppress carrier generation via
oxygen vacancy because of the stronger chemical bond of Ga-O than Zn-O and In-O bonds.
Thus adding Ga is one of the effective methods to control the carrier concentration and lower
the off current. By increasing zinc content, subthreshold swing can be improved because of its
ability to modulate the shallow tail states below the conduction band minimum and repair the
interfacial states at the gate and channel interface. Moreover, from the point of the material
phase, ZnO and In,O; are crystalline phase even deposited at room temperature. Depending
on the size and ionic charges, the incorporation of two or more cations will enhance the
chance to form the amorphous state [1-6] [13].

Carrier transport mechanism is another issue for AOS TFTs, since the mechanism is
totally different from traditional a-Si:H TFTs. For traditional silicon-based TFTs, mobility
will decrease as the carrier concentration increases due to the impurity scattering [14]. In
contrast the mobility increase with increasing carrier concentration for AOS-based TFTs. This
could be explained by percolation conduction theory [13] [14]. The random distribution of
Ga’"and Zn*" will form the potential barriers and the barrier heights are lowered when the
carrier concentration increases beyond ~10'” cm™, thus the mobility are increased as well. [12]

This is illustrated in Figs. 1.2 (a)-(c). The electrical conductivity shows thermal dependence



when the carrier concentration is less than 10" ¢cm™ [14]. Since the electrons will take a
shorter and higher conduction path at a higher temperature (Fig. 1.2 (d)), the conductivity
increases when temperature increases. The conductivity is temperature independent when the
carrier concentration exceeds 10" cm™ since the Fermi level is high enough and most of the
potential barriers are immersed under the Fermi level so that the electron conduction path is
almost unhindered [14].

Characteristics of density-of-states (DOS) in the channel are also different between
conventional a-Si:-H TFTs and AOS (here using a-IGZO as an example) TFTs. As shown in
Fig. 1.3 (a), a-Si:H TFTs have a high amount of tail states below conduction band minimum
(CBM) and above valance band maximum (VBM). In the figure donor and acceptor levels are
also labeled [8]. For a-IGZO the tail states also exists, but the distribution is asymmetry that
the valence band edge has a much-higher-density, as shown in Fig. 1.3 (b). In the figure we
can further separate the subgap DOS (Ds,) into donor level, localized states, and traps for slow
photocurrent [3]. A comparison in'DOS between a-IGZO and a-Si:H films is given in Fig. 1.4
[3] in which the Dy, near the CBM of a-IGZO-1s-about one order in magnitude lower than that

of a-Si:H and without a hump phenomenon in this figure [15-23].



1.2 Overview of a-1GZO TFTs

There have been many studies about a-IGZO TFTs reported in recent years. Here we just
briefly highlight some of the observations which are concerned in this work, including the
effects of oxygen flow, channel layer thickness, plasma treatment, passivation, annealing, S/D
electrode. Several electrical parameter extraction methods are also discussed.

The oxygen partial pressure during deposition would significantly affect the electrical
properties of a-IGZO TFTs [24-26]. The Vth was found to shift positively when the oxygen
partial pressure is increasing [24]. The higher oxygen partial pressure is expected to
compensate the oxygen vacancies and thus reduce the free carrier concentration [24].

Changing the thickness of the active layer is one of the easiest way to adjust the
electrical performance of a-IGZO TFTs [27-31]. As proposed in these papers, the on current
is almost constant with respect to the channel thickness. That’s because the accumulation
layer is much thinner than the film thickness. On the other hand, the off current, SS and
threshold voltage are all sensitive to a change in the film thickness. Off current is increasing
when thickness is getting thicker because it becomes harder to fully deplete the free carriers in
the channel layer. The Vth shifts negatively and SS gets worse with increasing film thickness
for the same reason.

Source and drain (S/D) electrode material has also been reported to affect the electrical
performance. Yim ef al. [32] has explored the effects of using Mo, Al and Cu as the S/D metal.
For Mo electrode, there is no inter diffusion and interfacial reaction during air-annealing,
whereas Cu will diffuse into a-IGZO layer during air-annealing and then act as acceptors and
reduce the carrier concentration therein. As for Al, aluminum oxide is formed in the interface
between Al and a-IGZO interface. The oxygen species in the oxide are from the underlying
a-IGZO, resulting in increasing oxygen vacancies and thus carrier concentration in the
a-IGZO. Consistent results are reported by Song et al. [33] which used Ti/Cu as the S/D
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electrode. They found that the carrier concentration is higher than that of using Mo electrode.

Plasma treatment is well known to improve the operation performance of poly-Si TFTs,
thus showing appeal for being employed in the fabrication of the AOS TFTs. As Park ef al.
reported [34] that an Ar plasma treatment can improve electrical property of a-IGZO TFTs.
Since the preferential sputtering of oxygen by Ar bombardment, oxygen vacancies are formed
on the back surface of channel, increasing the net carrier concentration and reducing the
contact resistance between S/D and the channel, thus improving the contact resistance. On the
other hand, hydrogen is lighter than Ar, and the aforementioned preferential sputtering may
not explain the electrical properties improvement with a H, plasma treatment. Here, Ahn ef al.
[35] explained that hydrogen itself could sever as shallow donors hence increasing the free
electron concentration. Also the effective.depth of defect passivation with hydrogen plasma is
about 50 nm, implying that both sheetrand contact resistance can be reduced by H; plasma
treatment. This explains the findings shown in [35] that H, plasma treatment is better than Ar
plasma treatment in terms of better SS, mobility, and on/off ratio.

Passivation is one of the most important issues for practical realization of AOS
transistors [36-42]. Since the environment atmosphere will influence the -electrical
performance, passivation layer is crucial to isolate the channel layer from the the ambient
surroundings. However, the deposition process of the passivation material would potentially
damage the devices. For the deposition conducted in a plasma environment, Kim et al. [38]
found that the devices with a channel as thin as the Debye length are more vulnerable to the
process-induced damage and more interfacial states are likely to be generated. Different
material was used to study the effects of various passivation layer, such as inorganic materials
like Al,Os, Ga,0s, SiOx and SiNy, or organic materials like parylene, photo resist and poly
p-vinyl phenol (PVP) and so on. [36-42]. Chung et al. [39] indicated that SiOy is better than

SiNx as the passivation layer since the performance of SiNy passivated devices tend to



degrade more after negative and positive bias illumination stress (NBIS and PBIS). On the
other hand, Cho et al. [36] showed that using an inorganic material as the passivation layer
can improve hysteresis but deteriorate the mobility and SS whereas using an organic material
can improve hysteresis, environmental stability and stress stability without significantly
degrading the electrical properties.

Annealing was also studied for a-IGZO TFTs since its a common method to improve the
transfer characteristics of tradational TFTs. As we can see from Chen et al. [43], no matter the
composition of the a-IGZO channel layer is, the transfer characteristics were improved after
annealing. Annealing temperature and ambient like air, vacuum, forming gas and oxygen are
also important, as evidenced in the reports of Yim et al. and Lin et al. [43-44]. For air
annealing, oxygen will diffuse through the a-1GZO surface from the air and decrease the
oxygen vacancies and the concentration-of free electrons of the film. This was also true in the
oxygen annealing ambient. During vacuum atmosphere, out diffusion of the oxygen from the
channel causes more oxygen vacancies and thus more free carrier concentration inside.
Forming gas annealing can balance the out diffusion of the oxygen and passivate the defect
states in the channel, improving the SS at the same time [44].

Some electrical characteristics of a-IGZO TFTs are different from convention
silicon-based TFTs [1]. For example, a-IGZO is n-type semiconductor, thus its electrical
operation is not the traditional inversion mode but accumulation mode. As the device is
turned on an accumulation layer is formed close to the interface of channel and dielectric
layer. DOS is important in affecting the device characteristics and various methods have been
proposed to extract the DOS of a-IGZO TFTs, including multi-frequency method, photonic
C-V method, modified conductance method, optical charge pumping method [15-23].
Extraction of mobility is another important task for AOS transistors according to Hoffman

[11]. According to his work, two different mobility parameters denoted as paye and Pinc,



respectively, represent the average mobility of the cumulative induced channel charge and the
mobility of carriers as they are incrementally added to the net channel charge with increasing

gate voltage.

1.3 Motivation and Objective of this Thesis

The oxygen flow rate at deposition a-IGZO channel layer is one of the major factors that
need to be studied. However, a few experimental findings in this regard still lack good
explanation. This motivates us to conduct this work for better understanding of the underlying
physics. In this study the devices were intentionally made without a passivation layer,
allowing us to further study the effects of the surrounding ambient on the operation of the
fabricated devices. We also intend to fabricate and study the devices with a double active
channel layer. Since the metal-oxide films-were deposited using a newly constructed sputter,
we expect that the information obtained in this work will be helpful for refining the deposition

conditions .

1.4 Organization of this thesis

In Chapter 2, we present the fabrication of the devices by illustrating the process flow
and the device structure. Also we introduce the measurement system setup and the schemes
used for extracting the major electrical parameters of the devices.

In Chapter 3, we discuss the experimental results including lon/Ioff ratio, mobility, SS,
and Vth. The impacts of deposition oxygen flow rate, thickness and composition of the IGZO
channel layer, and the surrounding ambient on the device characteristics. For improving the
transfer characteristics, thermal annealing and double active layer structure are also examined.
Since the application of a-IGZO TFTs are often focus on flat panel display, the instability

under bias stress and light stress also included in our discussion. The methods proposed in [22]



and [23] are adopted to explore the DOS in the bandgap, the voltage-dependent mobility and
series resistance.
Finally, in Chapter 4 we summarize our conclusion from our experimental results and

give perspective for future work.



Chapter 2

Device Fabrication and Measurement Setup

2.1 Device Fabrication and Process Flow

In this section, we introduce the fabrication of the devices. The device structure is the
conventional inverted-staggered back-gated TFT. First, we grew a thermal oxide layer of
5000 A on the Si substrate. Then we deposited Al-Si-Cu of 3000 A by using physical vapor
deposition (PVD) as the gate electrode (Fig. 2.2 (a)). After defining the gate pattern, plasma
enhanced chemical vapor deposition (PECVD) was used to deposit TEOS oxide as the gate
insulator (Fig. 2.2 (b)). By using an RF sputter, an a-1GZO film was deposited as the channel
layer (Fig. 2.2 (c)). A photoresist pattern was then generated with a standard lithographic
process to define the source and-drain regions (S/D) (Fig: 2.2 (d)). DC sputter was used to
deposit a 3000 A Al layer as the S/D ‘electrodes by lift-off process (Fig. 2.2 (e)). The
deposition power was fixed at 100 W and the - working pressure was 1 mTorr with Ar flow
rate fixed at 12 sccm (Table 2.2) (sccm denotes cubic centimeter per minute at STP). After the
photoresist was spin coated on the device (Fig. 2.2 (f)) and exposed by DUV (Fig. 2.2 (g)),
HCI1:H,0=1:200 solution was used to define the active region (AA) (Fig. 2.2 (h)) . Finally, the
gate contact region was opened by BOE:H,0=1:0 solution. After we scrapped the PR, the
device was completed as shown in Fig. 2.2 (i).

The IGZO target we used was with the atomic ratio In:Ga:Zn:0=1:1:1:4. Here we have
different channel deposition conditions with varying oxygen deposition rate. Devices with
different channel thickness were also fabricated. The system’s working pressure was around 5
mTorr and the background Ar flow rate was fixed at 50 sccm. A change in the deposition

power will change the deposition rate. In this study we choose rf power of 100 W as the
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deposition condition of the IGZO film based on the experience revealed in reference [47].
Four different oxygen flow conditions, namely, 0, 1, 3, 5 sccm, corresponding to oxygen
partial pressure of 0, 1X104, 3X104, 5X10™ Torr, respectively, were used and the channel
thickness was fixed at 15 nm for studying the effect of oxygen flow rate. The overall channel
deposition conditions are summarized in Table 2.1. Effect of oxygen flow on the deposition
rate is shown in (Fig. 2.1 (b)). Three different channel thicknesses, namely, 10, 15 and 20 nm,
were targeted with fixed oxygen flow rate at 1 sccm for studying the effect of different
channel thickness. TFTs with a channel composed of double active layers, which were
deposited under different oxygen flow rate, as shown in (Fig. 2.2 (j)), were also fabricated and
characterized. We defined the layer near the gate electrode as the 1* layer and the other one
the 2™ layer. Four different oxygen flow:conditions were used, namely, 1/3, 3/1, 1/5 and 5/1
scem for the 19/2™ channel layers, and the-thickness of each layer is 7.5 nm in order to fix the
total thickness at 15 nm. a-IGZO TFTs with gate dielectric thickness of 10 or 50 nm. The S/D
metal deposition was done by either e-gun -or -sputter For studying the effect of the
surrounding ambient, we expose the devices to-atmosphere as long as 3 months, and compare
them with the devices after 30 mins vacuum annealing. For the study of the effect of stressing
and light, £10 V gate voltage stressing and light exposure ranging 0 ~ 1000 s was applied on
some of the devices. Finally, the temperature dependent effect was measured from 25 C to

125 C.
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2.2 Measurement Setup

In all of our study, the measurement of devices was executed by an HP4156A precision
semiconductor parameter analyzer for I4-V, and 14-Vq4 curves, and by an HP4284 precision
LCR meter for CV curves.

Basic electrical parameters of the fabricated devices were extracted from the electrical
characteristics. The threshold voltage (Vth) was extrapolated from I4-V, curve which was
defined as the gate voltage corresponding to a fixed drain current at 10® A under V4 0f 0.1 V.

The subthreshold swing (SS) was calculated by the following equation

ssz‘“‘;g—v(;d) : (Eq.2-1)
where the minimum SS value was extracted in region when Ip, is between 10”7 A to
10" A. And the mobility (i) was calculated by the following equation
Hisy (Eq.2-2)

HFE=m 5

where gm was also calculated from I4-V, curve.
We’ve also extracted the gate ‘voltage-dependent series resistance (Rs) by using the
method propose by Hagyoul Bae [21] and Sungwook Park et al.[22-23]. Figs. 2.3 (a)~ (d)
show the equivalent circuit model [23]. First, we measured the capacitance with various
frequencies and obtained Rm and Cm in Fig. 2.3 (a) . Fig. 2.4 [21] is the measurement results
of multi-frequency CV curves and the calculated results of Gm (inset) from Eq. 2.3 where Dm

was the dissipation factor:

G = — = WC Dy’ (Eq.2-3)

m

Then we calculated Z, from the measurement results of Rm and Cm (Fig. 2.3 (a) ) using

the following equation:

. 2
m___ JWmim (Eq.2-4)

T 1+4(WCpRm)2  1+(WCmRp)?

Z,
Rs can be obtained at high frequency part in Zm versus frequency curve (inset of Fig. 2.5
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[23]) and the Rs-vs.-voltage curve can be plotted as shown in Fig. 2.5 [23].
Furthermore, in order to obtain the density of states (DOS) of defects in the gap, (‘;N—p

should be calculated with the following procedure:

First, we calculate Z4 in Fig. 2.3 (b) with the following expression:

— Rch s Ccthh2 1 , _
2y =Rs+ e ira? VY wcaray? T wicey) (Eq.2-5)

where Ry, and Cg, are the channel resistance and channel capacitance, respectively. By
comparing the real (A) and the imaginary (B) parts of impedance in Eq. 2.4 and Eq. 2.5, we

can obtain Eq. 2.6 and Eq. 2.7

WCpy Ry 2 1 CenRen?
— mBim ——— — ch™ch , (Eq2-6)
1+(WCpRyp) W2 Cox 1+(WCchRen)?
Rm R h
=—™m _ _ Rg=——__, Eq.2-7
1+(wCyyRm)?2 1+(WCehRcn)? ( 9 )

Then Ry, are obtained with the following equations

A
B = CenRen” (Eq.2-8)

Ren = AL+ ()28 (Eq.2-9)

Then Cp, can be calculated by using two frequencies from Eq. 2.10

w12Cm1(14Dm1%)Cox_W22Cma(1+Pm2)Cox
p) p)
Cox—C 1+D Cox—C 1+D
Copy = —2X m1(1+Dm31 )2 ozx m2(1+Dm27) | (Eq.2-10)
wi2-w
1 2

After obtaining R, and Cep, Gp and Gp/w can also be calculated:

1 1

P R T el (Fazth
G_p _ wtCioc , _
o = Trwo? (Eq.2-12)

Finally, we can calculate Croc from the maximum value of (Zu—p as shown in Fig. 2.6 [21]

with @t = 1. Crree can be further obtained with the following relation:

CrLoc

_——_— ’

Crreg = Cp T+(w1)?
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(Eq.2-13)

where Croc and Cprgg represent the capacitance components due to trapping/detrapping of
localized electrons and free electrons, respectively (Fig. 2.3 (e) [21]). Here we simply define
the energy level in the gap corresponding to the gate voltage at a specific current, say, 107> A,

as “E;” and the surface band bending was calculated from the following equation

o, = (1 —Cc—g) v (Eq.2-14)

Finally, the DOS (denoted as g,) can be calculated from the following equation:

ga(E) = —oc® __, (Bq.2-15)

WXLXTIGZO xXq
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Chapter 3

Results and Discussion

3.1 Effects of Deposition Oxygen Flow

Eftects of the deposition oxygen flow had been studied previously [24-26] and known to
greatly affect the electrical performance of TFTs. Some of those studies reported devices with
transfer characteristics showing a hump phenomenon [47], but none of them explained the
cause for the observation. In this work, effects of the oxygen flow are also explored. We
deposited the channel layer with various oxygen flow rates which are 0, 1, 3 and 5 sccm,
respectively. In addition to studying the basic electrical characteristics, we’ve also observed
the hump phenomenon and attempted to understand ‘its. origin. Figs. 3.1 (a)-(d) show the
variation of the transfer characteristics of a-IGZO devices with channel prepared with oxygen
flow at 0 sccm, Isccm, 3 sccm, and § scem, respectively. As we can see from these figures,
the variation of the transfer characteristics 1s the smallest at deposition O, flow rate of 1 sccm
and getting worse with either increasing or decreasing the deposition oxygen flow.

In Fig. 3.2, the mean transfer curves of a-IGZO devices selected from Figs. 3.1 (a) ~ (d)
with channels prepared with different O, flow rate are shown and compared. The Vth
(subthreshold swing, SS) are 2.65 (246), 2.42 (167.7), 2.83 (323.3) and 3.69 V (492.6 mV/dec)
for devices with O, flow of 0, 1, 3, 5 sccm, respectively. On/Off ratios are in the range from
107 to 10° and mobilities are 11.45,12.13, 9.6 and 0.69 cm?/Vs for O, flow at 0,1, 3,5 sccm,
respectively. The Vth shifts positively as O, flow increases from 1 to 5 sccm or decreases
from 1 to 0 sccm. The mobility (p), SS and Ion/off ratio are shown as a function of O, in Figs.
3.3 (a)-(b). From the above results, we conclude that the condition with O, flow of 1 sccm is

the best in terms of the device performance and variation control.
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Since the oxygen vacancies are found to act as the shallow donor states for AOS
materials, the higher O, flow rate during deposition will compensate the oxygen vacancies,
and accordingly reduce the free carriers and lower the conductivity of the channel layer
[24-26]. This trend explains the increase with increasing O, flow rate shown above. This can
also be proved by the voltage dependent mobility and series resistance (Rs) shown in Figs. 3.4
(a) and (b), respectively, which are extracted based on the method reported in [22-23]. It is
seen that the mobility decreases while the Rs increases rapidly as we increase oxygen flow
from 1 sccm to 5 scem. This is due to the higher amount of free carriers in the channel layer
when deposition oxygen flow is less. However, the trend is not obvious in the range of O,
flow from 0 to 1 sccm. This might be related to the huge variation in device performance for
the case with zero O, flow.

Figs. 3.5 (a)-(b) show the comparison of two transfer characteristics measured at (a)
V4=0.1, 1 V and (b) V4=1, 4 V. An increase in V4 will boost the on current and the Vth shift is
not significant when we increase the drain voltage. The tremendous increase in the off current
at Vgof 4 V is due to the gate leakage current (analysis not shown). Fig 3.6 shows the transfer
characteristics measured by positive and negative voltage sweeping and the Vth shift is not
obviously, either. Also the measured C-V characteristics with multi-frequency for the four
splits are shown in Figs. 3.7 (a)-(b) and 3.8 (a), (b), respectively. Fig. 3.9 shows the frequency
independent Cg calculated from the procedure introduced in Chap. 2 [21-23]. Here we notice
that in Fig. 3.2 the transfer curves show a hump in the subthreshold region when the oxygen
flow is 3 sccm or 5 sccm. Here we use the modified conductance method (MCM) proposed by
Bae ef al.[21] mentioned in Sect. 2.2 to extract the DOS shown in Fig 3.10. We define an
energy level as E; in the gap corresponding to the gate voltage at a specific I of 107" A.

We find that the DOS of defects in the gap is generally much higher in the 3 and 5 sccm

splits than the other two. This explains why the SS is worse for the two splits with high O,
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flow. Moreover, one or two peaks in the defect distribution are observed for these samples. As
the surface potential is modulated by the gate bias so as to switch the device to the ON state,
the induced electrons have to fill these states first. When the Fermi level moves through the
region close to a DOS peak, the abundant defects will slow down the modulation of surface
potential with increasing gate bias. This is believed to be the origin for the observed “hump”
in the subthreshold region of the two splits with high O, flow of 3 sccm and 5 sccm.

Finally, Figs. 3.11 (a)-(d) show the output characteristics of devices with O, flow of 0, 1,

3, and 5 sccm, respectively.

3.2 Effects of Active Layer Thickness

Eftects of channel thickness have also been studied by many groups previously [27-31].
TFTs with different channel thickness-were studied here, too. Figs. 3.12 (a)-(c) show the
transfer characteristics of several a-IGZO devices with channel thickness of 10 nm, 15 nm,
and 20 nm, respectively. As we can see from these figures, the variation of the transfer
characteristics is comparable among the three-splits, although it seems to be a little worse as
the channel is thinner. This might be due to the influence of the back channel surface which is
expected to be more pronounced as the channel is thinned down.

Typical transfer curves of different splits are shown in Figs. 3.13(a) and (b). The Vth
(subthreshold swing, SS) are 5.12 (305), 4.59 (409), and 3.3 V (430 mV/dec) for channel
thickness of 10, 15, and 20 nm respectively. On/Off ratios are in the range between 10’~10®
and mobilities are 8.12, 10.9, and 11.22 ¢cm’/Vs for channel thickness at 10, 15, 20 nm,
respectively. These parameters are shown as a function of the channel thickness in Figs. 3.14
(a) and (b).

As we can see from the 14-V, curves (Fig. 3.13 (a)), the differences of the on current

among the samples are small, implying the surface conduction dominates. On the other hand,
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the off current, on/off ratio, SS, mobility, and threshold voltage are all thickness dependent, as
shown in Figs. 14 (a) and (b). Increasing the channel thickness would draw a higher off
current and worse SS since it is harder to fully deplete the channel layer.
Fig 3.15 (a) shows the mobility with respect to gate voltage for the three splits [22-23].
In Figs. 3.14 (a) and 3.15 (a), we can find the mobility is higher for the device with a thicker
channel. This can be explained by percolation conduction theory [12]. The random
distribution of Ga®" and Zn*" will form potential barriers and the barriers are overcome when
the carrier concentration is sufficiently large (~10'" cm™), thus the mobility increases
accordingly. This also reflects on the series resistance (Rs) which was extracted by the
method proposed in [22-23], as shown in Fig. 3.15 (b). The Rs starts to decrease at a higher
V, for the device with a thinner channel'due to its lower mobility and reduced amount of
carriers. Fig. 3.13 (b) also shows the comparison of transfer characteristics of the devices with
different channel thickness at V4=0.1 and 1 V. We can sce that the on current is apparently
improved without worsening the off current.
The measured C-V characteristics with-multi-frequency are shown in Figs. 3.16 (a)-(c).
Fig. 3.17 shows the frequency-independent Cg [21-23] where the difference in the voltage as
Cg begins to increase, reflecting the shift in Vth with different channel thickness. Finally,
Figs. 3.18 (a)-(c) show the output characteristics of the devices with channel thickness of (a)

10 nm (b) 15 nm (c¢) 20 nm.
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3.3 Effects of Surroundings Ambient

AOS materials are very sensitive to surrounding ambient. The devices we fabricated and
characterized have no passivation layer in order to study the effect of the surrounding
ambient.

The component of air includes oxygen and water vapor. Impacts of these species have
been studied by Jin-Seong Park [25] and Kang ef al. [26]. As we can see in Fig. 3.19, after
exposure to humidity surroundings the Vth shifts negatively accompanied with a dramatic
increase in the off-state leakage current by about 10° ~10* times [25]. Fig. 3.20 (a) shows the
transfer characteristic of a device measured with different air partial pressure [26]. They
found that the Vth shifts positively as the air partial pressure increases. A similar trend is also
observed as the ambient is switched to. pure oxygen, as shown in Fig. 3.20 (b) [26]. These
observations can be explained by the figures shown in Figs. 3.21 (a) and (b). The adsorption
of O, near the back surface, as shown in Fig. 3.21 (a) will tend to attract electrons in the
channel as stated by the following equation:

O, +e = Og(ads) ’ (Eq.3-1)
and then form a depletion layer underneath the adsorption layer, causing the positive Vth shift.
In contrast to O,, H,O adsorption, as shown in Fig. 3.21 (b), will donate free electrons to the
channel, causing a negative shift in Vth. Such a phenomenon is also called donor effect [25].

Figs. 3.22 and 3.23 show the transfer characteristics of the fabricated devices with
various channel thickness and various O, flow during the channel deposition, respectively,
measured right after the fabrication and three months later. We find that Vth of almost all
splits shifts positively in the two figures as the measurements were done three months later.
According to the studies mentioned above [25-26], we conclude that the Vth shift is mainly
due to the adsorption of the oxygen molecules from the surrounding atmosphere on the back

surface of the devices.
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In Fig. 3.22, we also notice that the Vth shift caused by adsorbing oxygen is related to
the active layer thickness. That is, the thicker the active layer, the harder the oxygen
molecules to affect the electrical properties. With the bottom-gate scheme of the fabricated
devices, the oxygen molecules would draw more influence on the gated channel conduction as
the channel is thinner. In Fig. 3.23, we find that irrespective of the deposition oxygen flow
rate, the Vth of all splits shifts positively except for the one with O, flow of 5 sccm. As have
been pointed out in previous section that the channel layer deposited at 5 sccm is deficient of
oxygen vacancies and thus free electrons in the channel. In this case the adsorbed oxygen is
harder to take away any of the electrons in the channel, hence the Vth shift isn’t apparent. In
Fig. 3.23, the dramatic increase in the off current after 3 months is presumably due to the bad

quality of gate dielectric.

3.4 Impacts of Different Gate Dielectric Thickness and Channel Materials

Reduction in gate dielectric' thickness is a-common method to improve the TFT
performance including the SS and on current.-This is demonstrated in Fig. 3.24 (a) which
shows the transfer characteristics of a-IGZO TFTS with gate dielectric of 10 and 50 nm. The
on current and SS are significantly improved with a thinner gate oxide due to the better
controllability. This is further evidenced by the data shown in Fig. 3.24 (b) that the mobility
increases with gate voltage more rapidly when the gate dielectric is thinner.

So far we know that the thicker channel layer provides more free carriers in the AOS
materials as discussed in Sect. 3.2. Based on the presupposition and the fact that ITO is one of
the AOS materials which had been commonly used in practical manufacturing of flat-panel
display products, we compared the electrical performance of these two materials. Since ITO is
more conductive than a-IGZO, we fabricated the ITO TFTs with an ultra-thin active layer of

10 nm and compare their performance with the IGZO TFTs. Fig. 3.25 shows the comparison
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of the transfer curves of ITO and a-IGZO TFTs. The on current is larger for the ITO TFT but
the SS and on/off ratio are better for the a-IGZO TFT. The larger on current displayed by the
ITO device is due to the higher concentration of free carriers in the active layer even though
the channel thickness is less than that of the a-IGZO film. By the same token, worse off
current and SS are also resulted in the ITO one. On the other hand, the better on/off ratio and

SS shown by the a-IGZO TFT are due to the better gate controllability.

3.5 Effects of Using Double Active Layer

In order to suppress the off current and improve the on current, double active layer
structure was explored in this work (Fig. 2.2 (j)). As has been stated in last chapter that the
key parameter investigated in the deposition of the:double channel layers is the O, flow rate.
Fig 3.26 shows the transfer curves of devices with W\ layer of 1/3, 3/1, 1/5, and 5/1 sccm.
Note that the 1% layer is in contact with the gate dielectric, and the thicknesses of both 1* and
2" layers are 7.5 nm. Also shown in the figure is the control device with the channel prepared
by O; flow rate of 1 sccm. The off currents arethe same for all splits but, as compared with
the control device, the on currents are apparently degraded for the devices with double active
layer. This indicates that the on performance is majorly dependent on the layer with a higher
O, flow. As mentioned in Section 3.2, the total amount of the free carrier concentration in the
channel is proportional to the channel thickness. The above degraded results associated with
the double-layer channel might be due to ultra-thin channel. If the first layer is thickened,

expected benefits of the double-layer structure should appear.
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3.6 Effects of Annealing

In order to resolve the hump phenomenon discussed in Sect. 3.1 and improve the
electrical performance, we annealed the devices in the fabrication. Effects of the treatment on
the electrical performance are addressed in the section. In Sect 3.3, we speculate that the
surrounding oxygen adsorbed on the back surface of the device may cause the Vth shift, thus
annealing done in vacuum is explored. The annealing temperature and time are 300 °C and 30
minutes, respectively, done on the devices after fabrication for 3 months.

Fig. 3.27 (a) shows the 14-V, curves of the devices with various O, flows measured at
different stages. As indicated previously that after exposing to the air ambient for 3 months,
Vth shifts positively apparently. But after the vacuum annealing, Vth shifts negatively. This
trend agrees with our speculation that the adsorbed oxygen atoms on the back surface, which
cause the positive Vth shift, tend to de-adsorb during the vacuum annealing. We also notice
the Vth after annealing is even smaller than the fresh value, as shown in Fig. 3.27 (b). This
can be attributed to the fact that some of the oxygen atoms that penetrate into the channel and
form weak bonding wherein will be ‘released -back to the surrounding [49], causing more
oxygen vacancies and thus more free carriers.

Devices with double active channel layers are also examined after vacuum annealing. As
mentioned in Sect. 3.5, an obvious hump is observed in some of the as-fabricated samples
with double active channel layers. Such a finding is, however, not found and reported in
previous studies on devices with double active channel layers [64]. After checking the process
sequence, we find that the devices characterized in those previous studies all received thermal
annealing. To verify if the annealing is responsible for the disparity, we also performed
annealing on some of the devices with double active layer. Here we only compare the devices
with channel prepared with O, flow of 1, 1/3 and 1/5 sccm. Fig 3.28 (a) shows the transfer

characteristics of the devices for positive and negative sweeping. It is seen that the hump is
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indeed disappear after the annealing. Moreover, the hysteresis of those devices is not
significant. Fig 3.28 (b) and (c) show the transfer characteristics of a-IGZO devices after
vacuum annealing for single active layer and double active layer (1/3 and 1/5 sccm) at (b)
V4=0.1V and (c) Vq&~4V. The Vth values of the devices become more positively since the
thinner 1% layer with less free carriers. The SS are slightly better for the devices using double
active layer and the on current and on/off ratio look fine. For the results with V4 of 4V, the off
current of the device with single active layer apparently increases while it remains low for the
devices with double active layer. This is attributed to the use of the 2™ layer which can

suppress the back surface leakage current.

3.7 Effects of Bias Stress and Light Stress

Since a-IGZO TFTs are expected-to be widely used as the switching transistors in
AM-LCD and AMOLED, the devices are usually biased and exposed to light during normal
operation. Any issues related to instability caused by bias stress and/or light stress must be
crucially treated and resolved. These ‘instability phenomena are typically associated with a
shift in Vth and SS degradation. The former is majorly attributed to charge trapping in the
gate dielectric and a change in the carrier concentration of the channel film, while the latter is
largely caused by the generation of interface states. Light stress could generate electron-hole
pairs in the channel and the generated carriers would participate in the process of defect
creation inside the devices.

Effects of bias conditions and light exposure on IGZO TFTs have been explored by
many groups [54-62]. A number of stress modes, including positive bias stress (PBS),
negative bias stress (NBS), light stress (LS), positive bias light stress (PBLS), and negative
bias light stress (NBLS), are categorized in the previous works. In this work we also focus on

these categories. Figs. 29 (a)~(e) show the results of characterization performed on devices
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deposited with O, flow of 1sccm and channel thickness of 10 nm. Fig. 3.29 (a) shows the
effect of PBS. The gate voltage applied to the gate during the stressing is 10 V, while the
source and drain are grounded. The Vth shifts positively with increasing stress time and
basically no clear degradations on SS and mobility are observed. The rise in leakage current is
also seen and has been identified to be due to the gate leakage current, indicating the poor
quality of the gate dielectric. The positive shift in Vth is attributed to the electrons trapping in
the gate dielectric and a schematic illustration describing the process is shown in Fig 3.30 [60].
Accumulated electrons under the high positive gate bias are trapped in the gate dielectric and
cause the positive Vth shift. Fig 3.29 (b) shows the effect of NBS. As can be seen in the figure
that there are no apparent Vth shift and SS variation under NBS. The gate voltage applied to
the gate during the stressing is -10 V, while the source and drain are grounded. Lacking of
holes in the n-type channel of a-IGZO material was considered as the reason for the small
influence. However, Nathan et al.[58] found that the Vth shifted negatively under NBS. They
attributed this to the de-population of donor-like traps. As the negative bias excludes the
electrons away, the empty trap is with positive-charge and causing the Vth shift negatively.
Fig 3.29 (c) shows the effect of LS. The Vth shift negatively as the light stress time increases.
Two possible mechanisms are proposed previously [54-62]. One is the light-induced
electron-hole pairs increase the number of free electrons in the channel, thus Vth shifts
negatively. Another is that a portion of the holes induced by light are trapped in the gate
dielectric, also causing Vth shifts negatively. On the other hand, Chen et al. [59] claimed that
the Vth shift is related to the surrounding ambient. They found the Vth shift due to LS is
relatively small under oxygen ambient. As mentioned in Sect. 3.3, the adsorbed oxygen atoms
will cause a positive Vth shift. However, under the LS, photon-generated e-h pairs will supply
the holes to react with the O, and desorb the oxygen molecules, causing the negative Vth

shift as a consequence of the competition between adsorption and desorption of the oxygen
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molecules. H,O molecules are also found to induce negative Vth shift as Lee et al. reported in
[55]. Since metastable gap states are generated after H,O molecules are adsorbed, more
electrons induced by light will be captured in these traps, and a negative Vth shift is resulted.

Figs. 3.29 (d) and (e) show the effect of PBLS and NBLS, respectively. We notice that
the light exposure enhances the Vth shift in the above two cases. For PBLS, the additional
electrons generated by the light promote the electron trapping in the gate dielectric . For
PBLS, light induced electrons make the turning off of the devices harder, causing Vth shift
negatively. On the other hand, for NBLS, light induced holes are attracted by the negative
gate bias, leading to a larger negative Vth shift. Trappings of the photon-generated holes are
expected to be small due to the fact that the valance band of the oxide semiconductor are
mainly composed of 2p oxygen orbitals. which cause.localization of holes in the channel, thus
the negative Vth shift is simply due ito-the bias physically separating the e-h pairs and
reducing the recombination [58]. Fig 3.31 shows the comparison of the transfer characteristics
for a-IGZO devices measured under. fresh state and after-PBS, NBS, LS, PBLS and NBLS.
Comparing to the fresh, the SS slightly deteriorates after light illuminating. This are attributed
to the conduction of leakage current close to the backside channel/oxide interface which is
caused by the light exposure. Fig 3.32 shows the comparison of the voltage dependent
mobility of the a-IGZO devices after subjecting to PBS, NBS, LS, PBLS and NBLS. Notice
that the mobility obviously decreases at the on state after light exposure.

Fig 3.33 shows the transfer characteristics of a-IGZO devices with channel thickness of
20 nm under (a) PBS and (b) NBS, respectively. Akin to Figs. 3.29 (a) and (b), Vth shift is
still positive under PBS while no obvious Vth shift under NBS is observed. However, the Vth
shift is smaller in the device with a thicker channel. This may also be attributed to the
adsorption and desorption competition of oxygen molecules on the surface of the 1GZO

channel: Owing to the thicker film, the impact of the surface condition would have less
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influence on the channel conduction. Fig. 3.34 shows the comparison of transfer
characteristics of a-IGZO devices with channel thickness of 20 nm among samples subjecting
to PBS, NBS, LS, PBLS and NBLS for 300 s. As compared with the results shown in Fig.
3.31, more apparent stretch-outs in subthreshold region under LS, PBLS and NBLS are
observed. We attribute this to the fact that the controllability of the gate bias on the back

surface (or the top surface of the channel) declines as the channel becomes thicker [56].
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Chapter 4

Conclusion

In this thesis, we have successfully fabricated a-IGZO TFTs deposited under various
sputtering conditions. With different oxygen flow but fixed channel thickness, the Vth
increases with increasing deposition oxygen flow, accompanying with mobility lowering.
This is attributed to the decrease in oxygen vacancies which donate the free carriers. Also, an
anomalous hump phenomenon is observed under a high deposition oxygen flow. Films with
fixed deposition oxygen flow but different channel thickness were also fabricated and
characterized in order to study the effect of the channel thickness. We found that the Vth
shifts negatively as we increase the channel thickness. 'With a fixed deposition oxygen flow,
since the population of free carriers is more in the thicker channel, the a-IGZO TFTs are
harder to turn off accordingly.

For the reliability issues, we examine the effects of the surrounding ambient on the
a-IGZO TFTs. Oxygen molecules are verified to cause the negative Vth shift when the
devices are exposed to the air after 3 months. This is attributed to the adsorbed oxygen
molecules which act as the electron traps and reduce the overall free carriers in the channel.

In order to improve the electrical performance, a-IGZO TFTs with a double active layer
were also fabricated. With this scheme, we successfully suppress the leakage current while
sustain the same SS, on current and on/off ratio.

Vacuum annealing was used for solving the hump phenomenon and balancing the effects
of surrounding ambient. By the desorption of the oxygen molecules and the breaking of the
weak oxygen bonds in the channel, oxygen vacancies and free electrons both increase. The

anomalous lowering in mobility may be due to the phonon scattering.
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Since a-IGZO TFTs are used as the switching transistors in AM-LCD and AMOLED,
and often exposed to light while under biased during operation, the associated reliability
issues are essential. In this study, the instability of positive bias stress (PBS), negative bias
stress (NBS), light stress (LS), positive bias light stress (PBLS) and negative bias light stress
(NBLS) with different channel thickness are addressed. Vth shifts positively with PBS since
the electrons are trapped in the gate dielectric during the stressing. Due to the fact that
a-IGZO is an n-type material, the shift in Vth is negligible under NBS. Light induced
electron-hole pairs are found to enhance the PBS and NBS. A stretch out phenomenon is also
observed for devices with a thicker channel under LS, which is attributed to the adsorption of

oxygen molecules.
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Table 1.1 Comparison of a-Si, Poly-Si and amorphous oxide TFTs. [§]

a-5iH Poly-5i Amorphous oxide
(LTPSHTPS)

Gengration >10G 4GARG? 8G
Channel a-SitH ELA/SPC a-InGaZn0,
TFT masks for LCD/ OLED (34-516-1 390111 4-506-1
Mobility (cm’ Vs™!) <l 30->100 1-20(1007)
TFT uniformity Good Poor/better Good
TFT polarity n-ch CMOs n-ch
Pixel circuit for OLED Complex (ex. 4T2C) ~ Complex (ex. ST2C)  Simple (2T+1C)
Cost/yield Low/high Higt/low Low/high
Vi, shift >10V <05V <1V
Light stability Poor Good Superior to a-5i
Circuit integration No Yes Yes
Process T 150-350°C 230-550°C RT-400(600) °C
Display mode LCD, OLED(?) LCD, OLED LCD, OLED, E-paper
Substrate Glass, metal, (plastic)  Glass, metal, (plastic) ~ Glass, metal, plastic
Solution process, printing No Laser annealed 270:400°C
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b
a

Covalent semiconductors, for example, silizen Past-transition-metal oxide semiconductors
Crystalline Crystalline

(@) T
Fig.1.1 Schematic drawings for thjé;::Cafrier transport ﬁdt’hs (that is, conduction band bottoms)

in the crystalline and amorphous :.Sémii:'onduc_:tor.’ (a).COValent semiconductor, for example,

silicon. (b) Post transition metal dXid__e semiconductors. [12]
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(b)

Fig. 1.2 (a) The potential barrier formed by random distribution of Ga’" and Zn*" ions, and

with a low Fermi level which can’t induced enough electron for conduction. (b) Electrons

trickle through potential valley as Ef increase. [5][14]
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(d)

Fig. 1.2 (c) The Fermi level is high enough to immerse whole potential barriers so that

electrons almost unhindered. (d) Percolation conduction model (i) a shorter path (ii) a longer
path. [5][14]
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Fig. 1.3 Schematic models of subgap DOS in (a) a-Si:H [8]. (b) a-IGZO TFTs.[3]
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Fig. 1.4 Comparison of the DOS between a-Si:H and a-1GZO films. [3]

42



Table 2.1 Major deposition parameters for preparing the a-1GZO films.

System base pressure (Torr)

4X10°

Working pressure (mTorr)

5

Deposition temperature (°C)

Room temperature

Ar gas flow (sccm)

50

O, gas flow (sccm)

0,1,3,5

Rf deposition power (W)

100,125,150,200
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Table 2.2 Major deposition parameters for preparing S/D electrodes.

System base pressure (Torr) 4X10°
Working pressure (mTorr) 1
Deposition temperature (°C) Room temperature
Ar gas flow (sccm) 12
O, gas flow (sccm) 0
DC deposition power (W) 100
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Fig 2.1 (a) The deposition rate as a function of power at constant oxygen flow (1 sccm), and

(b) as a function of oxygen flow at fixed power (100 W).
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(a) (b)

Fig 2.2 (a) Gate definition and (b) deposition of a 50 nm TEOS oxide by PECVD.

- -
(b) (d)

Fig 2.2 (¢) An a-IGZO channel film was deposition by RF sputter. (d) Definition of

the source/drain regions with PR patterns.

- -
(e) ()

Fig 2.2 (e) Formation of source/drain metal deposition with lift-off method. (f)

Coating of a PR layer.
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llvw‘ll -

Fig 2.2 (g) Exposure and (h) patterning of the active region by wet etching.

-

Fig 2.2 (i) Cross-sectional view of the a-IGZO TFTs device with single active layer (j)

with double active layer.
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TCrrEE

Fig 2.3 (a) Two-element capacitance model. (b) Four-element capacitance model. (¢)

Physics-based capacitance model. (d) Equivalent model for frequency independent C,

composed of Cox, CLoc, Crrek. [23]
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Fig 2.3 (e) Physics-based model of Croc and Cyrgg. [21]
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Fig 2.6 - obtained by Eq. 2.12 and the circle represents the maximum value of

G
®

wT=1.[21]
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Fig. 3.1 Transfer characteristics of a-IGZO devices with oxygen flow of (a) 0 sccm, (b) 1
scem, (¢) 3 scem, (d) 5 scem. In each figure several devices are measured in order to check

the variation in device performance.
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Fig. 3.2 Typical transfer characteristics of a-IGZO devices deposited with different oxygen
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Fig. 3.3 (a) Extracted mobility, threshold voltage and (b) on/off ratio, subthreshold swing as a
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deposited with different oxygen flow rate.
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Fig. 3.7 Multi-frequency CV characteristics of a-IGZO TFTs with deposition oxygen flow at

(a) 0 sccm and (b) 1 sccm.
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Fig. 3.8 Multi-frequency CV characteristics of a-IGZO TFTs with deposition oxygen flow at
(a) 3 sccm and (b) 5 sccm.
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Fig. 3.11 Output characteristics of devices with the channel film deposited at oxygen flow of

(a) 0 sccm (b) 1 sccm (¢) 3 sccm and (d) 5 scem.
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Fig. 3.12 Transfer characteristics of a-IGZO devices with channel thickness of (a) 10 nm, (b)

15 nm, and (c) 20 nm.
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Fig. 3.13 Comparison of transfer characteristic of a-IGZO devices with different channel
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Fig. 3.15 (a) Extracted mobility and (b) extracted series resistance as a function of gate
voltage for a-IGZO TFTs deposited with different channel thickness.
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Fig. 3.16 Multi-frequent CV characteristics of a-IGZO TFTs with channel thickness of (a) 10
nm, (b) 15 nm, and (c) 20 nm.
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Fig. 3.18 Output characteristics of devices with channel thickness of (a) 10 nm, (b) 15 nm,
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Fig. 3.19 Transfer characteristics of a-IGZO TFTs measured before and after exposure to an
ambient of high humidity. [25-26]
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Fig. 3.20 Transfer characteristics of a-IGZO TFTs measured at different partial pressure of (a)
air and (b) oxygen. [25-26]
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Fig. 3.21 A physical model showing the adsorption of (a) O, and (b) H,O molecular on the
surface of an IGZO film and the interaction between the adsorbed species and the electrons in
the film. [25-26].

1E-5 W/L=400/10um
Fixed Oxygen Flow:1sccm
1E-6 Vd=0.1V
1E7 |
1E8 |
@ 1E_9_f
T 1E10 .
EA1 3 —=— 10nm,fresh
K —o— 10nm, 3month
F —4— 15nm, fresh
1E12 |
3 —— 15nm,3month
1E13 | —s— 20nm, fresh
—ao— 20nm, 3month
1E-14

6 5 -4 3 24101 2 3 4 5 6 7 8 9 10 11 12

Fig. 3.22 Comparison of transfer characteristics of a-IGZO TFTs with different channel

thickness measured as-fabricated and three months later.
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Fig. 3.23 Comparison of transfer characteristics of a-IGZO TFTs with different deposition

oxygen flow rate measured as-fabricated and three:months later.
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Fig. 3.24 (a) Transfer characteristics and (b) extracted mobility of a-IGZO TFTs with gate

dielectric thickness of 10 nm and 50 nm.
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Fig. 3.25 Comparison of transfer characteristics of a-IGZO and ITO TFTs.
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Fig. 3.26 Transfer characteristics of a-IGZO TFTs with double active layer with deposition
oxygen flow of 1, 1/3, 3/1, 1/5 and 5/1 sccm at Vg=0.1 V.
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Fig. 3.27 (a) Comparison of the transfer characteristics of a-IGZO devices deposited with
different oxygen flow measured as-fabricated, 3 months later, and (then) after 30 min

annealing in vacuum at 300 °C.
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Fig. 3.27 (b) Comparison of Vth of a-IGZO devices measured at different stages as a function

of the oxygen flow.
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Fig 3.28 (a) Transfer characteristics for positive and negative sweeping with deposition

oxygen flow of 1, 1/3 and 1/5 sccm.
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Fig 3.28 Transfer characteristics of a-IGZO devices after vacuum annealing for single active
layer and double active layer of 1/3 and 1/5 seemrat.(b) V¢=0.1 V and (¢) V&=4 V.
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Fig. 3.29 Transfer characteristics of a-IGZO devices with channel thickness of 10 nm
subjected to (a) PBS, (b) NBS, (¢) LS, (d) PBLS,and (e) NBLS for 0 ~ 1000 s.
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Fig. 3.30 Electron trapping mechanism under a positive bias stress [60].
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Fig. 3.31 Comparison of transfer characteristics of a-IGZO devices with channel thickness of
10 nm subjected to PBS, NBS, LS, PBLS and NBLS for 300 s.
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Fig. 3.32 Extracted mobility of a-IGZO TFTs subjected to various stress modes as a function
of gate voltage.
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Fig. 3.33 Transfer characteristics of a-IGZO devices with channel thickness of 20 nm
subjected to (a) PBS and (b) NBS.
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Fig. 3.34 Comparison of transfer characteristics of a-IGZO devices with channel thickness of
20 nm subjected to PBS, NBS, LS, PBLS and NBLS for 300 s.
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